The aim of the present study was to investigate the role of HBx in the progression and metastasis of liver cancer cells and to determine the underlying molecular mechanism of HBx in metastatic liver cancer cells. HBx protein expression was detected by western blot analysis, and microRNA (miR)-21 levels were determined by reverse transcription-quantitative polymerase chain reaction in the highly metastatic MHCC-97H low metastatic MHCC-97L and SMMC-7721 liver cancer cell lines. The results demonstrated that the levels of HBx and miR-21 were significantly increased in MHCC-97H cells compared with MHCC-97L and SMMC-7721 cells. In addition, three pairs of small interfering (si)RNA specific to HBx were designed and synthesized to interfere with endogenous HBx in liver cancer cells, and the results demonstrated that knockdown HBx was associated with a corresponding decrease in miR-21 expression. The MTT assay results demonstrated that cell viability significantly decreased in HBx-siRNA cells compared with scramble siRNA-transfected cells. In addition, transfection with an miR-21 inhibitor inhibited MHCC-97H cell proliferation. Furthermore, Transwell assay results revealed that downregulation of HBx and treatment with miR-21 inhibitors contributed to the inhibition of MHCC-97H cell invasion and metastasis. Western blot analysis demonstrated that miR-21 inhibitors and HBx-siRNA treatment led to the upregulation of phosphatase and tensin homolog (PTEN), and decreased levels of phosphoinositide 3-kinase (PI3K), phosphorylated protein kinase B (Akt) and matrix metalloproteinase (MMP)-2. The results of the present study indicated that HBx was positively associated with miR-21 expression, and downregulation of miR-21 and HBx suppressed MMP-2 activity via the PTEN/PI3K/Akt signaling pathway. Therefore, HBx and miR-21 may represent novel therapeutic targets for the treatment of
Introduction
Primary hepatocellular carcinoma (HCC) is one of the most predominant diseases worldwide, particularly in China (1,2). Hepatitis B virus (HBV), hepatitis C virus (HCV), aflatoxin B1, water pollution and alcoholism all contribute to the development of liver cancer (3) . In China, the leading cause of liver cancer is cirrhosis due to HBV infection (4) (5) (6) . The nonstructural HBV X protein (HBx) is comprised of 154 amino acids, with a molecular mass of ~17.5 kDa (7) . It is a key regulatory protein of HBV, and has been associated with HBV infection, replication, pathogenesis and potentially carcinogenesis (8, 9) . Recently, Kouwaki et al (10) reported that HBx regulates HBV replication by interacting with jumonji-C domain containing-5 (JMJD5), a novel binding partner to HBx, which facilitates HBV replication via the hydroxylase activity of JMJD5. In addition, anti-HBx short hairpin RNAs have been demonstrated to effectively inhibit HBV replication in vivo by targeting conserved sequences in the oncogenic HBx open reading frame (11) . Kim et al (12) revealed that HBx altered host gene expression, leading to the development of HCC in transgenic mice. Notably, a previous study revealed that enhanced cell motility was alleviated by mutations in the proline rich domain located in HBx, which provided novel insights on the underlying mechanism of HCC development associated with chronic HBV infection (13) . However, the exact underlying mechanism of HBx in HCC development and progression remains unclear.
MicroRNAs (miRNAs) are a newly identified class of conserved RNA molecules 21 to 23 nucleotides in length, and regulate the stability or translational efficiency of target mRNAs. miRNAs serve important roles in the progression and metastasis of liver cancer (14) . Epithelial (19, 20) , keratinocytes (21), colorectal cancer (22) and HCC (23) . However, it is unclear whether miR-21 is involved in the progression and metastasis of HBV-positive liver cancers.
The aim of the present study was to investigate the role of miR-21 in HBx-positive liver cancer cells, and to determine the association between HBx and miRNAs in the development and metastasis of liver cancer cells. The results of the present study may provide novel ideas and effective targets for future HCC therapy.
Materials and methods
Cell line and agents. The human HCC cell lines, MHCC97H and MHCC-97L, were obtained from the Liver Cancer Institute of Fudan University (Shanghai, China). The SMMC-7721 liver cancer and immortalized L02 human liver cell lines were used as negative controls and were purchased from Cell Resource Center of Shanghai Institutes for Biological Sciences (Chinese Academy of Sciences, Shanghai, China). The liver cancer cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin and 1% streptomycin. DMEM and FBS were purchased from Hyclone; GE Healthcare Life Sciences (Logan, UT, USA).
MTT assay. MTT assay was performed as previously described (24, 25) . Briefly, the SMMC-7721 human liver cancer cells at a density of 3,000 cells/well were transfected with HBx-small interfering (si)RNA1, HBx-siRNA2 or HBx-siRNA3 for 48, 72 or 96 h, respectively. Proliferation in the different groups was detected by MTT assay. In the other treatment group, MHCC-97H cells were plated into 96-well plates at a density of 3,000 cells/well and treated with miR-21 mimics or miR-21 inhibitors for 48, 72 or 96 h. The cell viability was determined by MTT assay.
Transfection. Three pairs of siRNA specific to HBx were designed and synthesized by Jima Corporation (Shanghai, China). Scramble siRNA was used as the negative control (NC) for siRNA experiments. Transfection of cells was performed using Oligofectamine (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. The Opti-MEM medium was replaced 6 h following transfection. RNA was extracted 48 and 72 h following siRNA treatment for reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and cell lysates were prepared for western blot analysis.
The sequences for the chemically synthesized HBx-siRNAs were as follows: HBx-siRNA1 forward, 5'-GGU CUU ACA UAA GAG GAC UdTdT-3' and reverse, 5'-AGT CCT CTT ATG TAA GAC CdTdT-3'; HBx-siRNA2 forward, 5'-CCG ACC UUG AGG CAU ACU UdTdT-3' and reverse, 5'-AAG UAU GCC UCA AGG UCG GdTdT-3'; HBx-siRNA3 forward, 5'-GGA CGU CCU UUG UUU ACG UdTdT-3' and reverse, 5'-ACG TAA ACA AAG GAC GTC CdTdT-3'. The miR-21 inhibitor, anti-miR-21 (sequence, 5'-UCA ACA UCA GUC UGA UAA GCU A-3'), is a chemically modified single strand RNA and a competitive inhibitor of miR-21. The sequence of the miR-21 mimic used was: 5'-UAG CUU AUC AGA CUG AUG UUG AAA CAU CAG UCU GAU AAG CUA UU-3'. The miR-21 mimics and miR-21 inhibitors were all obtained from Shanghai GenePharma Co., Ltd. (Shanghai, China).
RT-qPCR for quantitative analysis of miR-21.
Total RNA was extracted from liver cancer cells using TRIzol ® (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocol. The cDNA samples of were transcribed using the PrimeScript-RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) in a 20 ml final reaction volume according to the manufacturer's instructions. An RT-qPCR assay was performed to evaluate miR-21 levels using SYBR Premix ExTaq TM II (Takara Biotechnology Co., Ltd.) on an ABI 7500 system according to the manufacturer's instructions, the thermocycling conditions were 40 cycles of 12 sec at 95˚C and 1 min at 58˚C. Each sample was analyzed in triplicate and U6 small nuclear RNA was used for normalization. No template or reverse transcription were included as negative controls. The sequence of primers for RT-qPCR were as follows: MiR-21 RT: 5'-CGT CGC TAC ATC GAG TGT AGC ATA TGC GAC GTC AAC ATC-3'; miR-21 forward, 5'-TAG CTT ATC AGA CTG ATG-3' and reverse, 5'-ACA TCG AGT GTA GCA TA-3'; U6 RT 5'-AAC GCT TCA CGA ATT TGC GT-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'.
Antibodies Western blot analysis. The liver cancer cells were seeded into 48-well plates (5x10 5 cells) for 8 h, prior to treatment with miR-21 inhibitors or miR-21 mimics for 24 or 48 h. The cell lysates were prepared using radioimmunoprecipitation assay buffer (50 mmol/l Tris, 1% NP-40, 150 mmol/l NaCl, 1 mmol EDTA, 0.1% SDS, 0.25% sodium deoxycholate detergent). The lysates were separated by 10-12% SDS-PAGE and subsequently transferred onto a nitrocellulose membrane (Beijing BioDee Biotechnology, Co., Ltd., Beijing, China) at 400 mA for 1 h. The membrane was blocked with Tris-buffered saline with 0.1% Tween-20 (TBST) supplemented with 5% bovine serum albumin (BSA; Beyotime Institute of Biotechnology, Inc., Haimen, China) for 30 min at room temperature prior to incubating the membrane with specific antibodies in TBST containing 2% BSA at 4˚C over night. The membrane was washed three times with TBST and subsequently incubated with the corresponding secondary antibodies for 1 h at room temperature. The bands were detected in a dark room using chemiluminescence techniques. β-actin was used as an internal reference. The experiments were repeated twice.
Transwell assay. A Transwell assay was used to detect the invasion and metastasis of liver cancer cells. Corning ® Transwell ® polycarbonate membrane cell culture inserts (cat. no. CLS3421) were obtained from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany). The BD Matrigel TM (BD Biosciences, Franklin Lakes, NJ, USA) was stored at 4˚C overnight to keep it in a liquid state. Serum-free medium (300 µl) and the Matrigel TM (50 µl) were mixed and placed into the insert, which was incubated at 37˚C for 4-5 h. The liver cancer cells (5x10 5 ) were loaded into the insert and treated with the miR-21 mimics or miR-21 inhibitors for 48 h at 37˚C. The insert was taken off and the cells were washed twice with PBS buffer. The cells were subsequently fixed with 5% glutaraldehyde and stained with crystal violet (0.1%). The cells were washed twice with PBS, and counted under a light microscope.
Statistical analysis. Statistical analysis was performed using analysis of variance followed by Tukey's honest significant difference post hoc test using SPSS 20.0 software (IBM SPSS, Armonk, NY, USA). The data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
HBx levels are positively associated with the expression of miR-21. In order to detect whether the levels of HBx were associated with the invasion of liver cancer cells, HBx levels were detected in three liver cancer cell lines with different metastatic potentials, including MHCC-97H (a highly metastatic human hepatocellular carcinoma cell line), and MHCC-97L and SMMC-7721 (low metastatic human hepatocellular carcinoma cell lines). The L02 immortalized human liver cell line was used as the control. As presented in Fig. 1A , the western blotting results demonstrated that protein expression of HBx in MHCC-97H cells was markedly increased compared with in MHCC-97L and SMMC-7721 cells. miR-21 is the most commonly over-expressed miRNA in cancer and it is a recognized oncogene. mRNA expression levels of miR-21 in MHCC-97H, MCC-97L, SMMC-7721 and L02 cells were additionally measured. As presented in Fig. 1B , the results demonstrated that the expression levels of miR-21 were significantly increased in MHCC-97H and MHCC-97L cells compared with L02 cells. In addition, the miR-21 levels in MHCC-97H cells were significantly increased than those observed in MHCC-97L and SMMC-7721 cells ( ## P<0.01). Collectively, the results indicated that the levels of HBx may be positively associated with the expression of miR-21, and that they may contribute to the invasion of liver cancer cells.
Interference with endogenous HBx in liver cancer cells is accompanied by a corresponding decrease in miR-21 expression. To further investigate the association between
HBx and miR-21, three pairs of siRNAs specific to HBx were designed and synthesized. The three pairs of HBx-siRNAs and the scrambled siRNA were used for interference with endogenous HBx in human liver cancer cells. Following transfection with HBx-siRNA for 48 h, HBx-siRNA1 was most effective at downregulating HBx in liver cancer cells (Fig. 2A) . The relative expression of miR-21 was detected in MHCC-97H and MHCC-97L cells, which were transfected with HBx-siRNA for 48 h. Notably, the results demonstrated that interference with endogenous HBx expression may significantly decreased the levels of miR-21 in MHCC-97H (Fig. 2B) and MHCC-97L (Fig. 2C) . 
Interference with the expression of HBx inhibits

Invasion and metastasis of MHCC-97H cells is regulated by miR-21 and HBx.
To further determine the effects of miR-21 on the invasion and metastasis of MHCC-97H cells, a Transwell assay was performed by transfecting with miR-21 mimics and miR-21 inhibitors. As presented in Fig. 4A via the PTEN/PI3K/Akt signaling pathway. The miR-21 inhibitors were used to transfect MHCC-97H cells for 24 h. The level of PTEN was upregulated, which was accompanied by a decrease in the levels of PI3K and p-Akt, as well as downregulation of MMP-2 levels (Fig. 5A) . Notably, the expression of MMP-9 was not altered in miR-21 inhibitor-treated cells. Western blot analysis further confirmed that transfection with HBx-siRNA led to an upregulation of PTEN; however, the levels of p-Akt and MMP-2 were reduced when compared with cells transfected with scramble siRNA (Fig. 5B) . Collectively, these results indicated that downregulation of miR-21 and HBx may suppress the activity of MMP-2 via the PTEN/PI3K/Akt signaling pathway.
Discussion
In China, the HBV infection is one of the primary causes of HCC. In the HBV genome, the association between the X-gene and HCC has been a key area of interest. A recent study using HBx-expressing transgenic mice under authentic promoter control demonstrated a high rate of HCC development (86%) (27) . The HBV gene integrates into the genome of the host cell, which may interfere with normal cell cycle and apoptosis, and thus may be an important factor in the induction of malignant transformation (28) . However, the exact mechanisms underlying HBV carcinogenesis have not been fully elucidated. Previous studies have revealed that the molecular mechanism of HBx in the carcinogenesis of HCC is complex and may involve multiple mechanisms (29) .
In the present study, three human HCC cell lines with different metastatic potentials were selected. MHCC-97H is a human liver cancer cell line with high metastatic potential, whereas MHCC-97L and SMMC-7721 are human liver cell lines with low metastatic potentials. In order to detect the role of HBx in the progression and metastasis of human HCC cells, protein expression levels of HBx in MHCC-97H, MHCC-97L and SMMC-7721 cells were detected by western blot analysis. The L02 immortalized liver cell line was used as negative control. The results demonstrated that MHCC-97H cells had increased levels of HBx compared with MHCC-97L and SMMC-7721 cells, indicating that HBx may be involved in the metastasis of liver cancer cells.
In addition, increased levels of HBx were associated with increased expression of miR-21 in the highly metastatic MHCC-97H liver cancer cell line. However, interference with HBx decreased the levels of endogenous HBx, which was accompanied by a corresponding downregulation of miR-21. MHCC-97H cells were treated with miR-21 inhibitors, which decreased the migration and invasion of MHCC-97H cells compared with untreated cells. This was consistent with the results of MHCC-97H cells with knocking down of HBx by HBx-siRNA.
PTEN is considered the target gene of miR-21 and exerts its biological function as a tumor-suppressor (30, 31) . In the present study, interference with endogenous HBx was demonstrated to contribute to upregulation and activation of PTEN, which led to a decrease in p-Akt and downregulation of MMP-2. This was consistent with the results of cells treated with miR-21 inhibitors. Thus, interference with endogenous HBx may suppress the activity of MMP-2 via the PTEN/PI3K/Akt signaling pathway to inhibit the invasion and metastasis of MHCC-97H cells, mediated by downregulation of miR-21 levels. The present study provided novel information, and potentially an effective target, for future HCC therapies.
